Objective. limitations of matrix-assisted autologous chondrocyte implantation to regenerate functional hyaline cartilage demand a better understanding of the underlying cellular/molecular processes. thus, the regenerative capacity of a clinically approved hydrogel collagen type i implant was tested in a standardized bovine cartilage punch model. Methods. Cartilage rings (outer diameter 6 mm; inner defect diameter 2 mm) were prepared from the bovine trochlear groove. Collagen implants (± bovine chondrocytes) were placed inside the cartilage rings and cultured up to 12 weeks. Cartilage-implant constructs were analyzed by histology (hematoxylin/eosin; safranin O), immunohistology (aggrecan, collagens 1 and 2), and for protein content, rNa expression, and implant push-out force. Results. Cartilage-implant constructs revealed vital morphology, preserved matrix integrity throughout culture, progressive, but slight proteoglycan loss from the "host" cartilage or its surface and decreasing proteoglycan release into the culture supernatant. in contrast, collagen 2 and 1 content of cartilage and cartilage-implant interface was approximately constant over time. Cell-free and cell-loaded implants showed (1) cell migration onto/into the implant, (2) progressive deposition of aggrecan and constant levels of collagens 1 and 2, (3) progressively increased mrNa levels for aggrecan and collagen 2, and (4) significantly augmented push-out forces over time. Cell-loaded implants displayed a significantly earlier and more long-lasting deposition of aggrecan, as well as tendentially higher push-out forces. Conclusion. Preserved tissue integrity and progressively increasing cartilage differentiation and push-out forces for up to 12 weeks of cultivation suggest initial cartilage regeneration and lateral bonding of the implant in this in vitro model for cartilage replacement materials.
Introduction
Partial-and full-thickness traumatic or degenerative cartilage lesions of the knee are common and lead to progressive deterioration of the cartilage and finally osteoarthritis. Efficient and reliable methods for successful cartilage repair, including autologous chondrocyte implantation (ACI), microfracture, and osteoarticular transfer/mosaicplasty, are thus highly sought and have shown some promise in initial cartilage regeneration. 1, 2 These methods, however, mostly do not stop the progression of cartilage degeneration and usually result in an unpredictable outcome concerning (1) defect coverage, (2) fibrous or hyaline features of the repair tissue, and (3) considerably weaker mechanical properties and higher permeability of the repair tissue compared with native cartilage. 3, 4 Novel tissue engineering techniques, for example, second-generation ACI techniques such as matrix-assisted chondrocyte implantation (MACI), have led to an improvement of traditional methods and have recently entered clinical practice, usually aiming at providing stable and long-lasting attachment of the regenerated cartilage to the defect area. [5] [6] [7] [8] These techniques show the advantage of a decreased operation time, limited surgical trauma, and lack of complications associated with the use of periosteum in first-generation ACI (e.g., graft overgrowth) and have employed materials such as collagen membranes (type I/III collagen membrane). [9] [10] [11] One commercial MACI product (type I collagen-based CaReS) has been extensively applied in Europe (and "offlabel" in the United States) and is currently used with some clinical success. 12 CaReS, a 3-dimensional hydrogel, is first seeded with in vitro-enriched autologous chondrocytes and then introduced into the debrided cartilage defect. Studies in the large animal model Goettinger minipig have recently shown that even a cell-free collagen type I hydrogel yields high-quality cartilage repair tissue comparable to that obtained after implantation of the cell-seeded implant. This suggests that cells migrating into the defect site from the surrounding cartilage may participate in the regeneration of cartilage. [13] [14] [15] [16] However, to our knowledge, there are presently no in vitro studies addressing the cellular and molecular mechanisms of cartilage regeneration in cartilage-implant constructs containing this cell-based collagen implant.
The main aim of the study was thus to analyze the behavior of this collagen implant in an in vitro model and to assess whether the results reflect its clinical performance for the therapy of cartilage defects. The following hypotheses were tested: (1) the experimental in vitro model is suitable for pre-testing of implants intended for the clinical regeneration of cartilage defects, (2) the model allows the description of the cellular and molecular processes underlying cartilage regeneration in vitro, (3) the cell-free and/or cell-loaded collagen implant supports the regeneration of the cartilage defect (via cell migration and tissue formation) in the in vitro model by its physicochemical and molecular structure.
For this purpose, a novel cartilage implant model was developed consisting of (1) "host" cartilage cylinders resected from bovine femoral condyles using standardized punches and (2) inserted matrix implants. The cylinders were filled with the cell-free or cell-loaded collagen I scaffold, cultured for periods of up to 12 weeks, and then subjected to (1) (immuno)histological staining (hematoxylin/ eosin, safranin O; aggrecan, collagens 1 and 2); (2) protein assays (dimethyleneblue-binding [DMB]-test for tissue proteoglycan analysis; enzyme-linked immunosorbent assay [ELISA] for aggrecan, collagens 1 and 2); (3) transcriptional analysis (expression of aggrecan, collagen 1, and collagen 2); and (4) measurement of implant push-out force.
Methods

Preparation/Culture of Cartilage Rings with CellFree or Cell-Loaded Collagen Implants
Bovine cartilage was obtained from the knee joint of German Holstein Friesian Cattle (age 24 months). 17 Collagen implants (Amedrix GmbH, Esslingen; Germany; cell-free or cell-seeded with bovine chondrocytes; ± cells; cell isolation and seeding according to internal guidelines of the producer) were placed into the inner defect of the cartilage rings (Fig. 1) . The constructs were then embedded in an agarose cylinder in 48-well plates (Fig. 1A-E) and cultured for 0, 4, 8, 10, and 12 weeks at 37°C and 5% CO 2 in Dulbecco's modified Eagle's culture medium (DMEM; containing 5% fetal calf serum [FCS] , 1% gentamycin, and 0.1% ITS (insulin-transferrin-selenium)-culture supplement [final concentrations: 5 μg/mL insulin and transferrin, 5 ng/mL selenic acid; BD Biosciences, Heidelberg, Germany]). Media were changed 3 times a week.
In each experimental series, 120 technical replicates of cartilage rings each were obtained from one animal each for both cell-free and cell-loaded collagen implants (n = 5 and 6 experimental series, respectively) and subsequently analyzed histologically (n = 4), biochemically (n = 10; n = 5 each for real time polymerase chain reaction [RT-PCR] and protein extraction), and biomechanically (n = 10; total of 24 samples for each of the 5 time points; see below). Supernatants were pooled over 1 week and stored at −20°C for further ELISA analysis.
Viability Assay
Cartilage rings were obtained at weekly intervals from in vitro culture, minced using a scalpel and a pair of scissors and initially digested with pronase E (Merck, Darmstadt, Germany; 1 mg/mL) in serum-free DMEM for 1 hour at 37°C, 5% CO 2 , and 95% humidity under constant stirring. After three washes in phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 × 2 H 2 O, 2 mM KH 2 PO 4 ; pH 7.4), they were incubated for 17 hours at 37°C in DMEM containing 5% FCS (Invitrogen, Darmstadt, Germany) and collagenase P (0.1 mg/mL; Roche, Mannheim, Germany). Chondrocytes were then centrifuged (1500 rpm; Eppendorf mini spin; Eppendorf, Hamburg, Germany) for 10 minutes, washed 3 times with PBS containing 5% FCS, and counted.
A total of 1 × 10 4 cells were seeded in culture slides (Becton Dickinson-Discovery Labware Products, Bedford, MA, USA) and cultivated for 1 day. Viability was assessed using fluorescein diacetate/propidium iodide life/dead staining. 18 Three images each were taken in 3 chambers of the culture slides using a fluorescence microscope Axiovert200M, an AxioCam MRm camera, and the AxioVision Rel4.8 program (all Zeiss, Oberkochen, Germany). Viable and dead cells were counted in all images using the cellprofiler software (www.cellprofiler.org) 19 and viability was expressed as the mean percentage of viable cells.
Histology and Immunohistology
Paraffin sections of the cartilage-implant constructs were cut into 6-μm sections and stained with hematoxylin and eosin (H&E) and safranin O (to assess the proteoglycan content).
For aggrecan immunhistology, sections were treated with chondroitinase ABC (0.25 U/mL; Sigma-Aldrich; 37°C, 90 minutes), blocked with hydrogen peroxide and 10% goat serum/Tris-biuffered saline (TBS), and incubated overnight at 4°C with the primary antibody (0.1 μg/mL; clone: MA85A95; GenTex, Irvine, CA, USA).
For collagen 1 and 2 staining, the epitopes were first demasked by incubation with proteinase K (code S3004; diluted 1:50; Dako, Hamburg, Germany) at room temperature (RT) for 15 minutes. The sections were then subjected to blocking of the endogenous peroxidase activity with 0.5% hydrogen peroxide in methanol for 10 minutes, blocking with 25% normal bovine serum albumin (BSA)/TBS for 30 minutes (both at RT), and overnight incubation at 4°C with a primary antibody to bovine collagen 1 (2 μL/mL; polyclonal rabbit IgG; Acris, Herford, Germany) or collagen 2 (10 μg/ mL; polyclonal rabbit IgG; Acris, Herford, Germany). This was followed by incubation for 1 hour at RT with a secondary antibody (anti-mouse or anti-rabbit) coupled to horseradish peroxidase (HRP; for collagen 1 and 2 antibodies) or alkaline phosphatase (ALP; for aggrecan) and visualization of the HRP with diaminobenzidine (DAB) and the ALP with Fast Red (both Sigma Aldrich). Sections were then counterstained with hematoxylin and mounted with Aquatex (Merck, Darmstadt, Germany) for light microscopy.
(Isotype-matched) control immunoglobulins consistently yielded negative results.
Score for Cell Migration
Cell migration onto/into the collagen implants was evaluated by 3 independent observers using a scoring system, which consisted of 4 levels (0 = implant without cells, 1 = single adherent cells, 2 = several adherent cells, 3 = celllayer on the implant). 17 Data were expressed as the means ± standard error of the mean of the values of the three individual observers.
Histology/Immunohistology Scores for Safranin O, Collagen 1, Collagen 2, and Aggrecan
The intensity of the red color in the safranin O staining or the positive signal in the immunostaining for aggrecan, collagen 2, and collagen 1 were semiquantitatively evaluated Figure 1 . Scheme of the in vitro model. For embedding of the cartilage-implant constructs, hot liquid agarose (2%) was added into the wells of a 48-well plate (A). Cylindrical pockets of a defined size (6 mm) were created by inserting a metal-pin plate into the hot agarose until it gelated (B, C). the central defects of the cartilage rings (diameter 2 mm) were filled with the collagen implant (cell-free/cell-loaded; diameter 6 mm) using forceps (C1) and, after embedding the resulting constructs into the agarose (D), culture medium was added (E). after in vitro culture, cartilage-implant constructs were subjected to histological characterization. also, gene expression of chondrocytes isolated from the "host" cartilage, cells on the cartilage surface, and the collagen implant was analyzed (F). at the protein level, the amount of cartilage components released into the supernatant, as well as the remaining content in "host" cartilage rings and the cells located on the cartilage surface was quantified.
using a scoring system with 4 levels (0 = no staining; 1 = weak staining; 2 = moderate staining; 3 = strong staining). 17 Scoring was performed by 3 independent observers, data were expressed as the means ± standard error of the mean of the values of the 3 individual observers.
Quantitative Real-time Polymerase Chain Reaction (qRt-PCR)
For the isolation of RNA from (1) cells located in the matrix of the "host" cartilage, (2) cells located on the cartilage surface (see below), and (3) cells migrated onto and into the collagen implants (± cells; Fig. 1F ), fine pointed forceps were used to first remove the cartilage-implant constructs from the agarose wells and then carefully separate the collagen implants (± cells) from the surrounding cartilage ring. A total of ten collagen implants were pooled and stored in a tube with 300 μL lysis buffer at −80°C for subsequent RNA isolation.
The empty cartilage rings were then treated for 1 minute in a tube with 300 μL lysis buffer under continuous shaking to obtain the RNA from the cells located on the surface of the cartilage rings. 17, 20 Subsequently, the rings were removed from the buffer and both components were separately stored at −80°C.
The cartilage rings were disintegrated with a pair of scissors in 800 μL TriZol (Life Technologies, Carlsbad, CA, USA), incubation at RT for 15 minutes, and centrifugation at 12,000 rpm for 3 minutes. 21 Total RNA from these samples, the lysed cell fractions (cells on cartilage surface) or the collagen implants was then isolated using the Quiagen Kit (RNeasy mini kit; Qiagen, Hilden, Germany; including a DNase digestion).
The RNA eluate (12 μL each) was primed with oligo(d) T for 10 minutes at 72°C and reverse transcribed for one hour at 42°C using superscript II (Invitrogen). To quantify aggrecan, collagens 1 and 2, and the housekeeping gene aldolase, qRT-PCR (i-cycler PCR system; BioRad, Munich, Germany) was performed using the primers listed in Table 1 and PCR products from bovine chondrocytes as standards. Gene expression in all samples was normalized to the relative expression level of aldolase. Product specificity was confirmed by melting curve analysis and initial cycle sequencing of the PCR products.
Protein extraction
To determine the relative protein amounts of aggrecan, collagen 2, and collagen 1, protein was extracted from (1) the "host" cartilage (after removal of the collagen implants) and (2) the cells located on the cartilage surface (see above). Protein from the "host" cartilage was isolated by disintegration in 1000 μL of 4 M GuHCL with a pair of scissors and incubation for 48 hours at 4°C under rotation. Protein from the cells located on the cartilage surface was isolated using the acetone precipitate of the lysis buffer according to the supplier's instruction of the RNeasy mini kit (Qiagen).
Quantification of glycosaminoglycans
Glycosaminoglycans released from the cartilage-implant constructs into the supernatant during culture, as well as the remaining content in the cartilage rings and the cells located on the cartilage surface, were quantified using the DMB assay. 22, 23 Supernatants were analyzed by pooling the supernatants of the respective week and group. Briefly, 25 μL of pooled supernatant or extracted/precipitated proteins, respectively, were applied to microtiter plates with or without dilution in 0.05 M sodium acetate buffer (pH 6.8). After addition of 200 μL DMB reagent (containing 1.9-dimethyleneblue (21 μg/mL), 55 nM formic acid; pH 6.8]), absorption was read at 525 nm. A dilution series of a chondroitin-4 sulfate standard (Sigma-Aldrich) was used for the generation of a standard curve and the calculation of the results.
enzyme-Linked Immunosorbent Assay (eLISA)
Aggrecan, collagen 2, and collagen 1 concentrations in the supernatant during culture, as well as the remaining content in the cartilage rings and the cells located on the cartilage surface, were quantified using ELISA kits. Supernatants of the cartilage-implant constructs (± cells) after 0, 4, 8, 10, and 12 weeks of cultivation were analyzed by pooling the supernatants of the respective week and group. Aggrecan, collagen 2, and collagen 1 concentrations were then measured according to the protocols of commercially available ELISA kits (Chondrex, Redmond, WA, USA; BlueGene, Shanghai, China). Absorption at 490 nm was measured using a Fluostar Optima Reader (BMG Labtech GmbH).
Biomechanical testing
Biomechanical testing (n = 10 for each time point) was performed using a static universal test system (Zwicki 1120, Zwicki/Roelli, Ulm, Germany). The maximal force required to push out the implant from the cartilage rings (F max(insert) ) was determined using a cylindrical indenter (diameter 1.8 mm; i.e., 0.2 mm less than the diameter of the central defect). To address remaining friction forces between indenter and empty "host" cartilage ring, a second identical test was then performed and the resulting force (F max(empty) ) was subtracted from the initial push-out force [F max(insert) − F max(empty) = ΔF max(res) ] and used for further analysis. Values were given in Newtons and, in order to allow a comparison with published studies, in kPa after dividing the values in Newtons by the lateral surface area of the implant cylinder (0.8163 mm 2 ).
Statistical Analysis
Results were expressed as means ± standard error of the mean. Statistical analysis was performed using the MannWhitney U test and the software SPSS 22.0 (P ≤ 0.05).
Results
Cell-Free Collagen Implants
Morphological Characteristics, Viability, and Cell Migration. In the case of cell-free cartilage-implant constructs, lateral contact of the collagen insert to the cylindrical defect was maintained throughout tissue culture for 12 weeks (Fig. 2) . Despite relatively long in vitro culture periods (up to 12 weeks), resident cartilage cells showed vital morphology without signs of alterations and positive nuclear staining, thus pointing to suitable culture conditions (Fig. 2) . The matrix integrity of the cartilage seemed to be largely unaffected during the whole culture period (Fig. 2) , although cartilage zones located close to the edge of the defect were characterized by the appearance of proliferation-induced cell clusters as a possible reaction to the initial mechanical tissue disruption (starting at 4 weeks; Fig. 2 ; see hash). In addition, late time points showed empty chondrocyte lacunae as a possible sign of chondrocyte emigration from the "host" cartilage ring ( Fig. 2; see arrow) . The high viability of the chondrocytes in the cartilage rings was confirmed by fluorescein diacetate/propidium iodide live-dead staining of chondrocytes enzymatically isolated from the cartilage at weekly intervals, resulting in viability rates of >94% throughout the entire culture period (Fig. 3) .
Cartilage-implant constructs showed progressive formation of a cellular multilayer on the surface of the cartilage rings throughout cultivation ( Fig. 2; see asterisks) , as well as initial migration of chondrocytes onto and into the initially cell-free collagen type 1 implants starting at 4 weeks of in vitro culture (Figs. 2 and 4) . There was a significant increase of the cell colonization from 0 weeks to all other time points and from 4 weeks to 8 and 12 weeks (Fig. 4) .
Both the cells on/in the collagen implants and on the cartilage surface showed mixed fibroblastic and chondrocytic features ( Fig. 2 ; see asterisk for cell-loaded implants at 12 weeks) and positively stained for safranin O, aggrecan, and collagen 2, but only very weakly or negative for collagen 1 (Fig. 5) .
Content of Proteoglycans, Aggrecan, Collagen 2, and Collagen 1.
The finding of a preserved matrix integrity in the surrounding cartilage ring was further supported by a very limited, nonsignificant decrease of the safranin O staining intensity over time (from a semiquantitative score of 2.8 for the freshly isolated cartilage to a score of 1.9 at 12 weeks; Figs. 5 and 6A); this suggested a minimal loss of proteoglycan during 12 weeks of in vitro culture.
At the cartilage-implant interface there was also a loss of safranin O staining (from 2.6 to 1.3), which reached statistical significance for the 10-and 12-week values in comparison with the 0-week and/or 4-week values (Figs. 5 and 6A) . In the implant, staining was first noticed at 8 weeks and then reached a plateau at 10 and 12 weeks (Figs. 5 and 6A) , indicating proteoglycan deposition into the implant.
As for the safranin O staining, a largely constant immunostaining for aggrecan was observed in the surrounding cartilage ring and at its interface with the implant throughout the 12-week culture period (constant scores between 1.2 and 1.7 over time; Figs. 5 and 6B), again suggesting a minimal loss of proteoglycan during in vitro culture.
Also, staining for aggrecan in the implant was first noticed at 8 weeks and then reached a plateau at 10 weeks (P ≤ 0.05 vs. 0 and 4 weeks) and 12 weeks (Figs. 5 and 6B) , confirming proteoglycan deposition into the implant.
As in the case of aggrecan, largely constant immunostaining for collagen 2 was observed throughout the 12-week culture period in surrounding cartilage ring (scores between 1.5 and 1.9), cartilage-implant interface (scores between 2.2 and 2.5), and implant (scores between 0.5 and 1.4), without any significant differences among the different time points (Figs. 5 and 6C) , again supporting the concept of a preserved matrix integrity.
Very little immunostaining for collagen 1 (except for the implant 0-week value, scores mostly between 0.2 and 0.7) was observed in surrounding cartilage ring, interface, and implant, without any significant differences among the different time points (Figs. 5 and 6D) .
DMB Assay (Proteoglycan Content; tissue extracts and Culture Supernatant). As observed by safranin O staining and aggrecan immunostaining, there was a limited, nonsignificant decrease of the glycosaminoglycan (GAG) content in the surrounding cartilage ring over time (from 4911 μg/mL for the freshly isolated cartilage to 3627 μg/mL at 12 weeks, with an intermediate peak of 5785 μg/mL at 4 weeks; Supplementary Figure 1A , available in the online version of the article).
The chondrocytes that migrated onto the surface of the cartilage ring generally showed an approximately 10-fold lower GAG content, with a significant decrease over time (from 537 μg/mL for freshly isolated cartilage to 378 μg/mL at 12 weeks, with an intermediate peak of 689 μg/mL at 8 weeks; P ≤ 0.05 vs. 4 and 8 weeks for the 10-week time point, P ≤ 0.05 vs. 4 weeks for the 12-week time point; Supplementary Figure 1A) .
Also, in the culture supernatant, there was a limited, nonsignificant decrease of the GAG content over time (from 193 μg/mL at 4 weeks to 146 μg/mL at 12 weeks; Supplementary Figure 1A) . This was confirmed by a limited, nonsignificant decrease of the aggrecan release into the supernatant over time (ELISA; from 17 ng/mL at 4 weeks to 10 ng/mL at 12 weeks; scores not shown).
eLISA (Collagens 2 and 1; tissue extracts and Culture Supernatant)
. A significant decrease of the collagen 2 content was observed in the surrounding cartilage ring over time (from 1091 ng/mL at 0 weeks to 296 ng/mL at 12 weeks, P ≤ 0.05 vs. 0 weeks for the 8-week time point; Supplementary Figure 1C) . The chondrocytes migrated onto the surface of the cartilage ring showed an approximately 4-fold higher collagen 2 content, with a nonsignificant decrease over time (from 3757 ng/mL at 0 weeks to 2644 ng/mL at 12 weeks; Supplementary Figure 1C) .
There was also a limited, nonsignificant decrease of the collagen 2 release into the supernatant over time (from 1381 ng/mL at 4 weeks to 269 ng/mL at 12 weeks; Supplementary Figure 1C) .
In contrast to the collagen 2 release, there was a limited, but significant increase of the collagen 1 release into the supernatant over time (from 185 ng/mL at 4 weeks to a peak of 422 ng/mL at 8 weeks and a subsequent plateau; P ≤ 0.05 vs. 4 weeks for the 8-week time point; data not shown).
gene expression for Aggrecan, Collagen 2, and Collagen 1 (Rt-PCR).
Aggrecan expression showed a slight increase over time in cartilage ring (maximum 4-fold increase at 12 weeks), cartilage surface cells (maximum 7-fold; 12 weeks), and, interestingly, in the implant (maximum 3-fold; 10 weeks; Fig. 7A ).
Whereas collagen 2 expression in the cartilage ring was constant or even significantly decreased (P ≤ 0.05 for 4, 10, and 12 weeks vs. 0 weeks), collagen 2 expression in surface cells and implant rose from baseline values to a transient peak at 8 weeks of 13-fold and 9-fold, respectively, and thereafter decreased again (Fig. 7B) .
Whereas collagen 1 expression in cartilage ring and surface cells rose to a transient peak at 8 weeks of 61-fold and 30-fold, respectively, and thereafter decreased again (surface cells P ≤ 0.05 for 12 vs. 4 weeks), collagen 1 expression in the implant was constant or even decreased over time (Fig. 7C) . The above changes were reflected in a constant aggrecan/collagen 1 ratio in the cartilage ring, and a transient peak at 10 weeks for surface cells (37-fold) and implant (13- fold; Fig. 7D ).
As for the aggrecan/collagen 1 ratio, there was a marginally decreased collagen 2/collagen 1 ratio in the cartilage ring (P ≤ 0.05 for 8, 10, and 12 weeks vs. 4 weeks), and a 
Cell-Loaded Collagen Implants
Morphological Characteristics and Cell Migration. The findings in cell-loaded cartilage-implant constructs were generally comparable to those in cell-free cartilage-implant constructs, with lateral contact of the implant to the cylindrical defect, vital morphology of the resident cartilage for up to 12 weeks cells, and largely preserved matrix integrity (Fig. 2) .
As in the case of cell-free constructs, cell-loaded cartilage-implant constructs also showed progressive formation of a cellular multilayer on the surface of the cartilage rings throughout cultivation (in part with chondrocytic features; Fig. 2 ; see asterisk at 12 weeks). However, a substantial presence/migration of chondrocytes onto and into the initially cell-free collagen type 1 implants occurred already after 4 weeks of in vitro culture (Figs. 2 and 4) . There was again a significant increase of the cell colonization from 0 weeks to all other time points (Fig. 4) .
Interestingly, cell-loaded collagen implants showed a significantly faster cell colonization than initially cell-free collagen implants (P ≤ 0.05 at 4 weeks; Fig. 4) .
Content of Proteoglycans, Aggrecan, Collagen 2, and Collagen 1.
Also, in this group, there was a very limited, nonsignificant decrease of the safranin O staining intensity over time in the cartilage ring (from a semiquantitative score of 2.4 for the freshly isolated cartilage to a score of 1.5 at 12 weeks; Figs. 8 and 9A) .
At the interface, there was also a loss of safranin O staining (from 2.3 to 0.9), which reached statistical significance for the 8, 10, and 12-week values in comparison to the 0-week values (Figs. 8 and 9A) .
In the implant, significantly elevated staining was first noticed at 4 weeks and then reached a plateau thereafter (Figs. 8 and 9A; P ≤ 0.05 vs. 0 weeks for 4, 8, 10, and 12 weeks).
As for the safranin O staining, a largely constant immunostaining for aggrecan was observed in surrounding Notably, at 4 and 12 weeks the score for cell-loaded implants was significantly higher than that in cell-free implants (compare Figs. 6B and 9B) .
Also, for collagen 2, largely constant immunostaining was observed throughout the 12-week culture period in surrounding cartilage ring (scores between 1.9 and 2.2), interface (between 1.6 and 2.4), and implant (scores between 0.7 and 1.4), without any significant differences among the different time points (Figs. 8 and 9C ).
Very little immunostaining for collagen 1 (except for one 0-week value, scores mostly between 0.2 and 0.8) was observed in surrounding cartilage ring, interface, and implant, (Figs. 8 and 9D ).
DMB Assay (Proteoglycan Content; tissue extracts and Culture Supernatant).
In the cell-loaded cartilage-implant constructs, there was a limited, nonsignificant decrease of the GAG content in the surrounding cartilage ring over time with a peak at 4 weeks of in vitro culture (from 5485 μg/mL for the freshly isolated cartilage to 4820 μg/mL at 12 weeks; intermediate peak of 6373 μg/mL at 4 weeks; Supplementary Figure 1B) .
Interestingly, the GAG content in the surrounding cartilage ring of cell-loaded constructs was significantly higher than that of cell-free constructs at all time points (Supplementary Figure 1A and B) .
The chondrocytes migrated onto the surface of the cartilage ring again showed an approximately 10-fold lower GAG content, with a significant decrease over time (from 449 μg/mL for the freshly isolated cartilage to 405 μg/mL at 12 weeks; intermediate peak of 516 μg/mL at 4 weeks; P ≤ 0.05 vs. 8 weeks for the 10-week time point; Supplementary Figure 1B) . There was only a marginally lower GAG content in cell-loaded versus cell-free cartilage-implant constructs (compare Supplementary Figure 1A and B) .
In the supernatant, there was a limited, decrease of the GAG release over time (from 190 μg/mL at 4 weeks to 154 μg/mL at 12 weeks; P ≤ 0.05 vs. 4 weeks for the 8-and 10-week time points), as confirmed by a limited, significant decrease of the aggrecan release into the supernatant over time (ELISA; from 24 ng/mL at 4 weeks to 10 ng/mL at 12 weeks; P ≤ 0.05 vs. 10 weeks for the 12-week time point; data not shown).
eLISA (Collagens 2 and 1; tissue extracts and Culture Supernatant).
As observed for the cell-free cartilage-implant constructs, there was a limited, nonsignificant decrease of the collagen 2 content in the surrounding cartilage ring up to 8 weeks of in vitro culture with a slight increase thereafter (from 1580 ng/mL at 0 weeks to 523 ng/mL at 12 weeks; Supplementary Figure 1D) . The chondrocytes migrated onto the surface of the cartilage ring showed an approximately 3-fold higher collagen 2 release than the cartilage ring itself, with a nonsignificant, slight decrease over time (from 3234 ng/mL at 0 weeks to 2611 ng/mL at 12 weeks; Supplementary Figure 1D) . Also, there was a limited, nonsignificant decrease of the collagen 2 release into the supernatant up to 10 weeks of culture with a slight increase thereafter (from 2115 ng/mL at 4 weeks to 854 ng/mL at 12 weeks; Supplementary Figure 1D) . In contrast to the collagen 2 release, there was nonsignificant increase of the collagen 1 release into the supernatant over time (from 270 ng/mL at 4 weeks to a peak of 429 ng/ mL at 10 weeks and a subsequent plateau; data not shown).
gene expression for Aggrecan, Collagen 2, and Collagen 1 (Rt-PCR).
Whereas aggrecan expression in cartilage ring and implant rose to a transient peak at 8 weeks of 10-fold and 6-fold, respectively, and thereafter decreased again, aggrecan expression in the surface cells was constant over time (Fig. 10A) .
The collagen 2 expression in cartilage ring and surface cells was constant over time. In contrast, the collagen 2 expression in the implant rose to a transient peak at 8 weeks of 7-fold and thereafter decreased again (Fig. 10B) .
Collagen 1 expression reached a 10-week nonsignificant peak in cartilage ring (10-fold in comparison to 0 weeks) and surface cells (30-fold), and a 12-week nonsignificant peak in the implant (11-fold; Fig. 10C) .
The aggrecan/collagen 1 ratio in the cartilage ring showed an increase over time with a 12-week, 32-fold peak in comparison with 0 weeks. In contrast, the aggrecan/collagen 1 ratio of the surface cells and the implant was mostly constant over time (Fig. 10D) .
The collagen 2/collagen 1 ratio in cartilage ring, surface cells, and implant only marginally changed over time, without any significant differences among the different time points (Fig. 10E) .
Push-Out Forces of the Cultivated Cartilage-Implant Constructs (Biomechanical testing)
. Strikingly, the push-out force for cell-free implants showed a progressive increase during culture (from 0.002 ± 0.000 N or 2.560 ± 0.680 kPa at 0 weeks to a peak of 0.061 ± 0.056 N or 75.858 ± 68.780 kPa at 8 weeks and a subsequent plateau; P ≤ 0.05 vs 0 weeks for 4, 8, 10, and 12 weeks; Fig. 11 ).
This was also the case for cell-loaded implants, which showed a progressive increase during culture from 0.012 ± 0.007 N (15.026 ± 9.095 kPa) at 0 weeks to a peak of 0.126 ± 0.031 N (154.344 ± 38.032 kPa) at 12 weeks (P ≤ 0.05 vs. 4 weeks for 8, 10, and 12 weeks; Fig. 11 ). At any time point, the values for cell-loaded implants were numerically higher than those for cell-free implants (Fig. 11) .
Discussion
The aim of the present study was to test the long-term performance (12 weeks) of a collagen type 1 hydrogel in a standardized in vitro bovine cartilage punch model. The main findings of the study were that (1) cartilage-implant constructs revealed vital morphology, preserved matrix integrity, progressive, but only slight proteoglycan loss in the "host" cartilage ring, and decreasing proteoglycan release into the culture supernatant and (2) cell-free or cellloaded collagen implants both showed substantial cell immigration/colonization, progressively increased levels of aggrecan (mRNA/protein) and collagen 2 (mRNA increasing/protein constant), and significantly augmented push-out forces of the implants from the "host" cartilage ring over time. Compared with cell-free collagen implants, interestingly, cell-loaded implants displayed significantly earlier cell immigration/colonization, earlier and longer lasting deposition of aggrecan, and tendentially higher push-out forces.
The results of the present study are thus in good agreement with the known biocompatibility of the already clinically approved CaReS implant, in either cell-free or cell-loaded form, as a scaffold material in general and its good performance as an implant material for cartilage repair in vitro and in vivo. 16, [24] [25] [26] [27] In addition, the study provides in vitro data concerning the dynamic molecular processes underlying cartilage regeneration and may be applicable for systematic in vitro screening of future cartilage replacement materials.
As previously published, our present in vitro cartilage regeneration model is highly suitable for the testing of chondral implants with proven or expected clinical potential, 17, 20, [28] [29] [30] [31] [32] [33] [34] with easily available, ethically unproblematic, and reproducible tissue supply and the possibility of longterm in vitro culture for up to 12 weeks without major cartilage degeneration. Modified in vitro systems, including subchondral bone (thus addressing the contribution of bone-derived secreted factors or progenitor cells) may provide a more complex understanding of the performance of the cartilage-bone unit in cartilage regeneration than cartilage only-based models. However, such systems may present with technical challenges such as the complete removal of the cartilage layer without damage to the subchondral bone lamella (unpublished data 35, 36 ). On the other hand, cartilage zones located close to the edge of the defect contained proliferation-induced cell clusters as a possible reaction to the initial mechanical tissue disruption and showed empty chondrocyte lacunae. While these changes may indicate some degree of cartilage degeneration in the "host" cartilage, 37 they also likely suggest an attempt to repair damaged cartilage and seed the cartilage implant. 38 Long-term stability of the "host" cartilage ring over time was indicated by (1) limited histological signs of cartilage degeneration and chondrocyte viability rates of >94% throughout culture, (2) limited loss of proteoglycan and stable protein content of collagen 2 (and very small amounts of collagen 1), (3) largely constant or even increasing mRNA expression for aggrecan and/or collagen 2, and (4) progressively increased anchoring of the implant in the sense of "lateral bonding." This shows that the present system allows long-term in vitro culture, which may yield meaningful results with an at least partial transferability to the in vivo situation.
Both cell-free and cell-loaded cartilage-implant constructs showed substantial colonization of the implant, which was paralleled by signs of chondrocyte emigration especially from the superficial regions of the "host" cartilage ring. This confirms the high cyto-or biocompatibility of the type 1 collagen-based implants in the present in vitro system, as previously reported in experimental 16, 39, 40 and clinical in vivo studies. 12, [25] [26] [27] Interestingly, cell loading of the collagen implants appeared to accelerate and/or amplify the process of cartilage regeneration in the implant, as indicated by significantly faster cell colonization. These results argue for an advantage of cell-loaded versus cell-free collagen implants, in agreement with earlier studies on cellseeded or cell-containing implants based on collagen or other cartilage replacement materials. [41] [42] [43] [44] Alternatively, in vivo microfracturing of the subchondral bone plate below the cartilage implant can be used to favor cell immigration into initially cell-free implants and optimize the conditions for successful cartilage repair. 39, 40, 45 Cell-free and cell-loaded collagen implants both showed progressive deposition of the matrix molecule aggrecan and a stable protein content of collagen 2 throughout culture, again demonstrating the cytocompatibility of the implant material and the active production of cartilage-specific matrix molecules by vital chondrocytes. 46 This was further underlined by the progressively increasing mRNA levels for aggrecan and collagen 2 in the implant.
In addition, the locally produced, cartilage-specific matrix molecules appeared to be successfully retained in the collagen implants, as indicated by a progressive decrease of the aggrecan and collagen 2 release into the culture supernatant over time. These results are in good agreement with in vitro data obtained with other clinically applied cartilage implants. 41, 43, 47 As discussed above in the context of cell immigration, cell loading of the collagen implants accelerated and/or amplified cartilage regeneration, as emphasized by a significantly earlier and more long-lasting appearance/presence of aggrecan, again supporting an advantage of cell-loaded cartilage implants.There were no apparent signs of chondrocyte de-differentiation in either cell-free or cell-loaded collagen implants over time, since (1) cartilage-specific aggrecan protein content increased to a plateau at approximately 8 weeks and thereafter, (2) collagen 2 (and collagen 1) protein content was stable over time, and (3) the mRNA ratios for aggrecan/collagen 1 and collagen 2/collagen 1 were either constant or considerably increased throughout in vitro culture. The present in vitro model of cartilage repair may thus provide the local conditions to support the phenotypic stability of the chondrocytes in both "host" cartilage and implant.
The favorable mRNA ratios for aggrecan/collagen 1 and collagen 2/collagen 1 in the implant in the present study (an indication for a phenotypic stabilization of the chondrocytes) are in clear contrast to the results obtained upon culture of human osteoarthritic or nonosteoarthritic chondrocytes in the same collagen implant, but without the surrounding cartilage ring. [48] [49] [50] [51] This strongly indicates that the present "in situ organ" culture system generates a local milieu favoring the long-term preservation of the differentiated chondrocyte phenotype, cartilage matrix production, and lateral bonding, a process likely involving reciprocal effects of the cartilage ring and the implant on each other (unpublished data). These results are in good agreement with previous reports on culture systems applying such a surrounding cartilage ring, 28, 31, 33, 34 but are addressed for the first time on a molecular level in the current study.
Both cell-free and cell-loaded collagen implants showed significantly increased push-out forces from the "host" cartilage ring over time, with tendentially higher values for cell-loaded implants. Thus, well maintained cell vitality, substantial cell migration, and sustained local matrix production appear to have functional consequences in the sense of augmented lateral bonding of the implant to the surrounding "host" cartilage. Lateral bonding at the cartilageimplant interface and the resulting push-out forces are likely influenced by various factors, including (1) the character of the tissue formed at the interface, 52 (2) sprouting of extracellular matrix components in the interfacial zone, and (3) the presence or absence of cell death at the interface. 53 The increase of the push-out forces during the 12-week culture for cell-free or cell-loaded collagen implants (from 2.560 to 54.259 kPa or from 15.026 to 154.344 kPa, respectively) led to final values, which are comparable to those previously reported for poly(glycolic acid)-construct tissues after 5 weeks of culture 31 or for cell-loaded agarose hydrogels. 28 This shows that collagen implants, in either cell-free or cell-loaded form, may be well suitable as a scaffold material in general and as an implant material for cartilage repair in vivo. 12, [25] [26] [27] The method applied in the present study to measure the push-out force of the collagen implants for the first time took into consideration the blank value obtained by a second push-through of the indenter after the initial push-out of the implant. This approach may help to obtain reproducible results by addressing technical artifacts due to factors such as differences between the defect sizes in individual samples or variations of the implant hydrogel diameter due to variable water content.
28,31,33
Conclusion
In the present in vitro bovine cartilage punch model, largely preserved tissue integrity, limited proteoglycan release, as well as progressively increasing cartilage differentiation and push-out forces (for up to 12 weeks of cultivation) suggest initial cartilage regeneration and imply lateral bonding of the current collagen implant to the surrounding cartilage.
On the basis of significantly faster cell colonization and a significantly earlier and more long-lasting appearance/presence of aggrecan, cell-loaded implants may show an advantage over cell-free cartilage implants. The present in vitro cartilage regeneration model thus proved well suitable to demonstrate the regenerative capacity of this clinically approved hydrogel collagen type 1 implant and to decipher some of the underlying molecular processes.
